The molecular conformations of uncomplexed valinomycin in CC14, CS2, CHzCI2, CHC13, CH3OH, C~H S O H , C3H,CI, p-dioxane (C4HsO2), and dioxane/D20 have been studied using laser Raman spectroscopy. The stretching frequencies of the ester and amide carbonyl groups are found to be affected by both the polarity of the solvent and its ability to form hydrogen bonds. Results in nonpolar solvents are consistent with the presence of hydrogen bonding ester carbonyl groups, reopening the question of whether the conformation found in valinomycin recrystallized from n-octane can exist in nonpolar solution. In polar solvents, a conformation is detected that contains fewer hydrogen bonds. As the dielectric constant of the solvent increases, the stretching frequency of the amide carbonyl groups increases (perhaps reflecting a reduction of intramolecular hydrogen bonding), while the stretching frequency of the ester carbonyl groups decreases.
The macrocyclic dodecadepsipeptide valinomycin (hereafter abbreviated VM; Figure la) was among the first ionspecific antibiotics to be used as a model of ionic transport in biological m e m b r a n e~l -~ Although the three-dimensional structure of crystals can often be obtained with x-ray or neutron diffraction, these techniques cannot provide information about whether conformations found in the solid state persist in solution. In contrast, Raman spectroscopy can be applied to both solids and liquids, permitting one to compare structural characteristics of molecules in a variety of environments. Raman spectroscopic investigations of the molecular conformations of VM in the solid state have recently been r e p~r t e d ,~ and in this work we report studies of VM in a variety of solvents. These studies, which include deuteration of the N H groups, reveal new information about the dependence of VM conformation on environment.
X-ray methods have been used to reveal6,' the complete structure of one form of uncomplexed VM; all six N H groups are intramolecularly hydrogen bonded, four to amide C=O groups and two to ester C=O groups (conformation D, Figure  1 b). Structural similarities between crystalline uncomplexed VM and the VM-K+ complex have led to the suggestion6 that this form may be involved in ion complexation at the membrane-water interface. However, nuclear magnetic resonance (NMR), infrared absorption (IR), and optical rotatory dispersion (ORD) studies4J-I I reveal no evidence of conformation D in solution. One question we address is whether or not there is Raman spectroscopic evidence that conformation D persists in solution.
A mixture of several VM conformations exists in soluti~n.~.*-' I It is believed that the predominant conformation of VM in nonpolar solvents contains six hydrogen-bonded amide C=O groups and six unbonded ester C=O groups (conformation A, Figure IC) , while the predominant conformation in polar solvents is believed to contain only three hydrogen bonded amide C=O groups (conformation B, Figure Id ). These conclusions are based primarily on NMR data? which indicate a threefold equivalence of L-and D-valine protons. Conformation D lacks this symmetry; however, Patel and Tonellig have pointed out that asymmetric structures could exist in solution if they were in "rapid" equilibrium with each other (rapid on an NMR time scale) thereby appearing to be symmetric in NMR measurements.
The Raman spectra of VM recrystallized from n-octane (known' to be in conformation D) exhibit a hydrogen-bonded ester C=O group mode near 1742 cm-l, 25 cm-l lower in frequency than the corresponding mode of the free C=O groups5 The discovery of a similar downshift (or splitting) in solution would support the presence of hydrogen bonded ester C=O groups (and thus conformation D) in such environments.
Materials and Methods
Valinomycin (VM) was obtained from Calbiochem (San Diego, Calif.) and Sigma Chemicals (St. Louis, Mo.) and was used without further purification. Solutions (0.02-0.5 M) were injected into 1 .O-mm i.d. capillaries and centrifuged for 5 min to eliminate dust and dissolved air. Deuteration was accomplished directly in the capillary tube by exchange across a D20/CCI4 interface; Raman spectra were recorded at regular intervals over a 24-hr period and subsequently checked over periods of several months.
Raman spectra were measured using a Spex Ramalog 4 system and a Spectra-Physics Model 164-03 Ar+ laser (488.0-and 514.5-nm excitations). The incident power level was typically 150-200 mW, resolution 3 cm-I, and scanning speed 3-30 cm-l/min. For polar- 
Results
(A) CCl4 (Nonpolar) Solution. We begin by comparing the Raman spectrum of VM powder recrystallized from n-octane (Figures 2a and 3a) with that of VM dissolved in C C 4 ( Figures  2b and 3b) . Although some spectral regions (denoted by S ) are obscured by solvent peaks, most regions of the crystalline and solution spectra are similar. This is not surprising since many peaks are due to residue vibrations which should be relatively insensitive to conformational change. However, spectral changes are observed in the conformationally sensitive 1600-1800 cm-' (C=O stretch), 1220-1320 cm-I (amide III), and 3300-3450 cm-I (NH stretch) spectral regions. In addition, the 981-and 1020-cm-I peaks of crystalline VM shift somewhat in CCl4 solution.
(1) The C=O Stretch Region (1600-1800 em-l). Prominent amide and ester C=O stretch vibrations occur in the 1600-1700-cm-I and the 1700-1800-cm-I regions, re~pectively.~ An analysis of these regions of VM powder (Figure 4a ) and VM-CC14 solution (Figure 4b ) provides information on the extent of hydrogen bonding. For example, the frequency of the broad 1654-cm-I peak of VM-CC14 is near that of the narrower 1649-cm-' peak observed in the solid state (hydrogenbonded amide C=O stretch). The 1675-cm-' amide C=O peak of crystalline VM (free amide C=O stretch) does not appear in VM-CC14, although the marked upward asymmetry of the amide C 4 band suggests that there still exist relatively "free" C=O groups.
In the ester C=O stretch region, VM/CC14 exhibits a broad asymmetric peak at 1760 cm-I which is 7 cm-' below the free ester C=O stretch frequency of crystalline VM. The lowfrequency asymmetry may represent contributions from intramolecularly hydrogen-bonded ester C=O groups (a characteristic feature of conformation D), or from the presence of unbonded ester C=O groups exposed in different degrees to the solvent. Carbonyl groups exposed to solvent interactions typically have a lower stretch frequency and larger peak width than unexposed C=O groups;'* however, such interactions should be weak in CC14 (a nonpolar solvent) compared to the effects of intramolecular VM hydrogen bonding.
One can further decompose the C-0 stretch bands of VM by using a polarization analyzer to separate scattered light with polarization perpendicular (I) and parallel (11) to the scattering plane. The incident laser light is polarized I to the scattering plane, so that Raman spectra taken with (incident, scattered) polarizations (I, 11) will contain onIy "depolarized" peaks, lacking Raman scattering which retains its original polarization ("polarized" peaks). When decomposed in this manner, the ester C=O stretch region of VM-CC14 ( Figure 5 ) consists of a symmetric depolarized (I, 11) peak near 1755 cm-' and a polarized (I, I) peak at 1760 cm-' with a distinct shoulder near 1745 cm-l. The frequency of the latter is close enough to the 1742 cm-l hydrogen bonded C=O stretch frequency of crystalline VM ( Figure 4a ) to suggest that some hydrogen-bonded C=O groups may be present in cc14 solution (as in conformation D).
The amide C=O stretch region consists of a depolarized ( I, 11) band at 1667 cm-' and a highly polarized (I, I) band at 1650 cm-l ( Figure 5 ); the latter is near the frequency expected for hydrogen-bonded amide C=O groups. The frequency of the 1667-cm-l band, while not as high as in crystalline VM (1675 cm-I), is nonetheless consistent with the presence of unbonded amide C=O groups. Substituting deuterium for hydrogen facilitates assignments of vibrations that involve N H groups.13 Since D2O does not mix with CC14, a D20 phase is placed in contact with the VM-CC14 solution; after about 24 h deuterium exchange reaches completion as determined by Raman observations of the VM in the C C 4 phase. Upon deuteration, the amide I regions show a peak at 1645 cm-I with a clear shoulder near 1660 cm-I. In contrast, the shoulder on the ester carbonyl vibration, which is most apparent in the (I, I) spectrum, seems to disappear upon deuteration (cf. Figure 5 ).
(2) The Amide I11 Region. The amide 111 vibration consists primarily of N H bend and C-0 stretch of the peptide linkage. 13 The frequency of this vibration varies between 1230 and 1330 cm-l in most polypeptides and is sensitive to hydrogen b~n d i n g . '~-~~ Although several C-C and C H vibrations also occur in this spectral region, the amide 111 vibrations can usually be identified by their sensitivity to conformational change and by their marked frequency shift upon deuteration of the N H group.
Deuteration of the N H group typically shifts amide I11 modes from the 1220-1330-cm-' region to the 850-950-cm-l regions2' The 1248-cm-l peak of VM-CC14 disappears upon deuteration (Figure 3c) , and a new peak appears near 920 cm-I. There is also a reduction of intensity near 131 3 cm-', which indicates that both peaks involve amide vibrations.
The 1307-cm-l peak of crystalline VM ( Figure 3 ) is shifted to 13 13 cm-l in VM-CCl4 solution, and its intensity increases (perhaps partially due to the upward shift of its low-frequency components). The 1252-cm-I peak of crystalline VM is shifted to 1248 cm-' in cc14 solution.
(3) The NH Stretch Region. Unbonded N H stretch vibrations are observed near 33 12 cm-' in crystalline VM; a single broad peak is observed near 3305 cm-I in CC14 solution (Figure 3a,b) . Upon deuteration this band is reduced in intensity ( Figure 3d ) and a new peak emerges near 2470 cm-', as might be expected for an N D stretch mode.
(B) CS2 (Nonpolar) and CHCl3 (Weakly Polar) Solution. Like CCl4, CS2 has a zero dipole moment, and Raman spectra of VM in the two solvents are very similar. In particular, similar asymmetries appear in the amide and ester C=O stretch bands. Shoulders near 1675 and 1745 cm-I are apparent even in the unpolarized spectrum and again are more pronounced in the depolarized and polarized spectra. dissolved in nonpolar solvents, although the amide C=O appears shifted to a higher frequency, 1656 cm-I, and the ester C=O to a lower frequency, 1760 cm-'.
(C) C a f l Solution (Polar). Although VM is not sufficiently soluble in nonpolar hydrocarbons such as propane to provide quality Raman spectra, it dissolves readily in the polar hydrocarbon 1-chloropropane (C3H7C1). Interestingly, its spectrum in that solvent does not differ significantly from that of VM in C C 4 (Table I and Figure 6 ). In particular the amide Figure  4 ). The amide I band is broadened and shifted upward in frequency to above 1660 cm-', and a slight splitting can be discerned in the polarized (I, 11) spectrum. A symmetric ester C = O stretch peak is observed, slightly downshifted, near 1758 cm-l. Ethanol has little observable effect on the rest of the VM spectrum; the amide 111 region cannot be studied due to the presence of solvent peaks.
In methanol (D = 1.70 D) the amide and ester C==O stretch bands appear near 1665 and 1756 cm-l, respectively. The broad amide I band appears to contain a second component at higher frequency, -1675 cm-1. The amide I11 region is observable in methanol (Figure 3f ) and shows significant changes from the corresponding region in CC14 (Figure 3b) . The intensity of the 1250-cm-l peak is reduced, and there is increased activity near 1275 cm-I. The 1313-cm-I peak totally disappears. There is also an increase in the intensity of the 868-cm-' peak relative to the 880-cm-I peak. Methanol has a similar effect on the 865-and 800-cm-' peaks of the macrotetrolide nactins in which the 865-cm-' peak has been assigned to C-0-C symmetric stretch vibrations.22 (E) Dioxane and Dioxane/D20 Solution (Nonpolar and Hydrogen Bonding). Dioxane is a hydrogen bond acceptor with zero dipole moment. Proton magnetic resonance studies9 of VM in p-dioxane and dioxane/D20 indicate that in these hydrogen bonding environments VM has a significantly different conformation than in Cc14. The Raman spectrum of VM dissolved in pure dioxane and dioxane/D20 ( Figures. 2  and 3 ; Table I ) confirms this conclusion. The broad amide C=O band of VM-dioxane, centered near 1660 cm-', is only slightly asymmetric; in 1O:l v/v dioxane/DzO it is symmetric and centered near 1662 cm-I. This band can be decomposed into a polarized (I, I) component near 1655 cm-I and a depolarized (I, 11) component near 1665 cm-*. The ester C=O stretch mode appears as a broad symmetric band centered near 1750 cm-I in both dioxane and dioxane/DzO. In contrast the ester C 4 stretch frequency of VM recrystallized from dioxane5 is significantly higher. The 100-400-~m-~ region can be observed in dioxane solution. It resembles VM recrystallized from dioxane? for example, the 143-cm-I peak does not appear in spectra of VM recrystallized from n-octane. Vibrations in this region may represent hydrogen bond vibrations or delocalized, low-energy skeletal modes.
Discussion
(A) The C=O Stretch Region. Nonpolar Solvents. Before reexamining the question of whether VM conformations other than conformations A ( Figure IC) or B ( Figure Id) exist in nonpolar solution, we will review the experiments through which the presence of those conformations were detected and their structures determined.
(1) Nuclear Magnetic Resonance. Measurements of the proton magnetic resonance temperature coefficient of VM in dioxane-octane9 suggest that all six nitrogen protons are solvent shielded and/or hydrogen bonded, whereas measurements in more polar solvents indicate a reduction in the number of such bonds. Although no splitting is seen in the chemical shifts of the nitrogen protons of D-and L-valine (implying threefold
is observed. In fact, evidence for several rapidly exchanging conformers of VM in hexane ( T I = 2 X s, T2 = 2 X s) has been foundlo using ultrasound absorption techniques.
(2) Infrared Spectroscopy. Infrared measurements of valinomycin in cc14 and CHC13 have led to the conclusion that both hydrogen bonded and free amide carbonyl groups are A high-frequency amide I shoulder is seen at 1678 cm-I and the N H stretch peak is a doublet (3310 and 3390 cm-I). Such a result is consistent with the presence of both conformations A and B. The presence of conformation D could also account for the high-frequency shoulder at 1678 cm-l but would not be expected to give rise to activity near the 3400 cm-' if the latter represented free N H stretch. However, a peak appears near 3406 cm-I in the Raman spectrum of VM powder in conformation D although no free N H groups are present. This band may represent a combination frequen-(3) Optical Rotatory Dispersion. Although optical rotatory dispersion measurements4,* reveal the presence of at least two different conformations of uncomplexed VM in solution, they provide little information on their molecular structures.
(4) Minimum Free Energy Calculations. A recent minimum energy calculation9 based on conformation D predicts weak ester C=O hydrogen bonds which would tend to be unstable in solution. However, recent Raman measurements5 on conformation D reveal equal hydrogen-bonding-induced downshifts (25 cm-') in the C=O stretch frequency for both ester and amide C=O groups, implying similar bond strengths.
Since none of the above mentioned solution studies exclude the existence of the crystal conformation D, it is important to consider the Raman evidence. Raman spectra5 of crystalline VM in conformation D exhibit hydrogen-bonded ester C=O peaks at 1742 cm-' and nonbonded amide C=O peaks at 1675 cm-'. We note the presence of a low-frequency component of the ester C=O stretch band of VM in CCl4, CS2, CHC13, and C3H7Cl solution near 1745 cm-' and a component of the amide carbonyl stretch band near 1667 cm-'. Although the asymmetry of the amide C=O stretch band can also be explained by the presence of conformation B (which also contains free amide C=O groups), the asymmetry of the ester C=O stretch band cannot.
Strongly coupled C=O groups sometimes exhibit two or more stretch vibrations, corresponding to normal modes of different symmetry.14 Although this could partially account from the splitting of the ester carbonyl stretch band in nonpolar solutions, the existence of conformation D in such solutions is a possibility which must be seriously reconsidered.
(B)
The C=O Stretch Region. Polar and Hydrogen-Bonding Solvents. The C=O stretch frequency is expected to be sensitive to changes which affect either intramolecular hydrogen bonding12 or interactions with the solvent.25 Since solvents of different polarity are known to alter the conformation of VM,438-10 VM was studied in a variety of solvents (CCl4, CS2, CHC13, CH2C12, 1-chloropropane (C3H7C1), C~H S O H , C H 3 0 H , p-dioxane (C4HgO2), and p-dioxane/DzO) with different dipole moments, dielectric constants, and hydrogen bonding capacities. Figures 7a and 7b display the observed amide and ester C=O stretch frequencies uco plotted as a function of dielectric constant E . It is found that the stretching frequency of the amide C=O groups tends to increase with E , except for the cases of dioxane, CH30H, and C2H50H (where a splitting occurs). In contrast, the stretching frequency of the ester C=O groups decreases with increasing E , except for dioxane and 1 -chloropropane.
A decrease in C==O stretch frequency with increasing dipole cy.5 moment of the solvent has also been observed in model comp o u n d~.~~~~~ Recently, a study of uco vs. for a variety of model compounds was made.27 In the case of the model compound acetone dissolved in different solvents (at a so1vent:acetone molar ratio of 8:l) the ester carbonyl stretch frequency decreases monotonically as a function of E (except for C3H7Cl). The similar behavior of the ester CEO groups in VM may indicate that they are predominantly exposed to the solvent; this does not, however, rule out the possibility that a minority (e.g., 2 out of 6) of the ester C=O groups are intramolecularly hydrogen bonded. In contrast, the increase of uco with t for the amide C=O groups of VM indicates that the effect of the solvent on these groups differs from that on the exposed free C=O groups in acetone. A similar increase was found for intermolecular hydrogen bonded model compounds such as N-methylacetamide. 27 This supports the contention that most of the amide C=O groups of VM are hydrogen bonded. The increase in solvent polarity (and its ability to form hydrogen bonds) may shift the conformational equilibrium of the system toward conformations with fewer intramolecularly bonded amide C=O groups (e.g., conformation B, Figure Id) with a consequent rise in the average frequency of the amide C=O stretch bond. A second possibility is that more polar solvents weaken the hydrogen bonds, thereby raising uco. Raman spectroscopy alone cannot readily distinguish between these alternatives.
The anomalous effect of 1-chloropropane on the ester C = O stretch frequency of VM ( Figure 7 ) and acetone may be explained by the inability of 1-chloropropane to form hydrogen bonds. Nonetheless, 1 -chloropropane may disrupt or weaken VM hydrogen bonds by interacting electrostatically with the N H groups. This may account for its "normal" position on the curve for VM amide C = O groups in Figure 7 . Dioxane, which disrupts hydrogen bonds due to its hydrogen bond accepting ability, also gives rise to an anomalously high VM amide uco and anomalously low ester uco ( Figure 6 ).
In general, plots of uco vs. the dielectric constant e may be an effective way to detect intramolecular hydrogen bonding.
A decrease of uco with E would indicate semifree C=O groups, while an increase in uco with E would indicate hydrogenbonded C=O groups. Further, comparisons with model compounds such as acetone may help provide information on the microenvironment of C=O groups inside molecules like ~a l i n o m y c i n .~~ Deuteration of VM in cc14 (by exchange with a D20 phase) results in several changes in the Raman spectrum (Figures 2,  3, and 5 ) . The observed change of shape of the amide C-0 stretch peak may arise from incomplete deuteration of the N H groups; this is supported by residual activity at 3320 ( N H stretch) and 1250 cm-' (amide 111). The inability of those N H groups to exchange H for D may reflect strong hydrogen bonding. The shoulder at 1660 cm-I could also arise from the presence of free amide C=O groups whose stretch frequency uco is expected to be higher than that of hydrogen-bonded C=O groups.
The reduction of the low-frequency shoulder of the ester carbonyl peak upon N H deuteration is more difficult to explain, unless one assumes that some of the ester C-0 groups are hydrogen bonded (as in conformation D).
(C) The Amide 111 Region. The amide I11 vibration is known to be extremely sensitive to hydrogen bonding and the con- The amide 111 peaks of VM in C C 4 and in the solid state
